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ABSTRACT
We perform a study on the predictions of electric-dipole moments (EDMs) of neutron,
Mercury (Hg), Thallium (Tl), deuteron, and Radium (Ra) in the framework of next-to-
minimal supersymmetric standard model (NMSSM) with CP-violating parameters in the
superpotential and soft-supersymmetry-breaking sector. We confine to the case in which
only the physical tree-level CP phase (φ′λ−φ′κ), associated with the couplings of the singlet
terms in the superpotential and with the vacuum-expectation-values (VEVs), takes on
a nonzero value. We found that the one-loop contributions from neutralinos are mostly
small while the two-loop Higgs-mediated contributions of the Barr-Zee (BZ) type diagrams
dominate. We emphasize a scenario motivated by electroweak baryogenesis.
Keywords: Supersymmetry, Next-to-minimal supersymmetric standard model, CP violation,
electric-dipole moments, Electroweak baryogenesis
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1 Introduction
Supersymmetry (SUSY) is the leading candidate for the physics beyond the standard model
(SM). It not only solves the gauge hierarchy problem, but also provides a dynamical mech-
anism for electroweak symmetry breaking and cosmological connections such as a natural
candidate for the dark matter and baryogenesis. The minimal supersymmetric extension
of the SM (MSSM) has attracted much phenomenological and theoretical interests but it
suffers from the so-called little hierarchy problem and the µ problem.
An extension with an extra singlet superfield, known as the next-to-minimal super-
symmetric standard model (NMSSM) [1–6] was motivated to provide a natural solution to
the µ problem. The µ parameter in the term µHuHd of the superpotential of the MSSM
naturally has its value at either MPlanck or zero (due to a symmetry). However, the radia-
tive electroweak symmetry breaking conditions require the µ parameter to be of the same
order as the Z-boson mass for fine-tuning reasons. Such a conflict was coined as the µ
problem [7]. In the NMSSM, the µ term is generated dynamically through the vacuum-
expectation-value (VEV), vS, of the scalar component of the additional gauge singlet Higgs
superfield Ŝ, which is naturally of the order of the SUSY breaking scale. Thus, an effective
µ parameter of the order of the electroweak scale is generated. The NMSSM was recently
revived because it was shown that it can effectively relieve the little hierarchy problem [8].
Due to the additional Higgs singlet field and an approximate PQ symmetry, the NMSSM
naturally has a light pseudoscalar Higgs boson a1. It has been shown [8] that, in most
parameter space that is natural, the SM-like Higgs boson can decay into a pair of light
pseudoscalar bosons with a branching ratio larger than 0.7. Thus, the branching ratio of
the SM-like Higgs boson into bb¯ would be less than 0.3 and so the LEPII bound is effectively
reduced to around 100 GeV [9]. Since the major decay modes of the Higgs boson are no
longer bb¯, unusual search modes have been investigated [10].
CP violation is one of the necessary ingredients for successful baryogenesis [11]. Al-
though the SM can accommodate CP violation originating from the Cabibbo-Kobayashi-
Maskawa matrix [12], it turns out that its effect is way too small to generate sufficient
baryon asymmetry (∼ 10−10) [13] ∗. This fact suggests, in turn, that there should be an
extra source of CP violation which has not been probed yet. CP violation relevant to
electroweak baryogenesis (EWBG) [15] by construction must appear in the Higgs self in-
teractions and/or the Higgs interactions with the other particles whose masses are O(100)
GeV. Therefore, such CP violating effects can be communicated to the low energy observ-
ables which are measurable in the near future experiments. A lot of effort on the EWBG
study have been made in the new physics models such as the MSSM [16], the two-Higgs
doublet model [17] and the singlet-extended MSSM [18,19].
∗Another shortcoming in the SM baryogenesis is that the electroweak phase transition is a smooth
crossover for mh > 73 GeV [14], rendering thermal nonequilibrium unrealizable.
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The MSSM offers many possible sources of CP violation beyond the single Kobayashi-
Maskawa phase in the SM. As far as the Higgs sector is concerned, the non-vanishing CP
phases could induce significant mixing between the CP-even and CP-odd states radia-
tively [20–23], giving rise to a number of interesting CP violating phenomena and substan-
tial modifications to Higgs-boson phenomenology [24, 25]. In particular, the lightest Higgs
boson can be as light as a few GeV with almost vanishing couplings to the weak gauge
bosons when the CP-violating phases are maximal. The decay patterns of the heavier Higgs
bosons become much more complicated compared to the CP-conserving case because of the
loss of its CP parities [26, 27]. These combined features make the Higgs boson searches at
LEP difficult, consequently, the Higgs boson lighter than ∼ 50 GeV can survive the LEP
limit [28].
The non-observation of electric dipole moments (EDMs) for Thallium [29], neu-
tron [30], and Mercury [31, 32] is known to constrain the CP-violating phases very tightly.
It is generally believed that one-loop contributions dominate and we set the phases to O(0)
to make the null results of the EDM searches consistent within most of the parameter space
†. However, we point out in this work that it may not be the case in the framework of
NMSSM with CP-violating parameters. Even if we set the CP phases of the parameters
appearing in the MSSM to zero, there could be potentially large nontrivial two-loop contri-
butions coming from a combination of the CP phases, (φ′λ− φ′κ), which could exist only in
the NMSSM. We note that, being different from the MSSM, the non-vanishing CP phase
could cause CP-violating mixing among the neutral Higgs bosons even at the tree level.
In this work, we perform a study on the predictions of EDMs of neutron, Mercury
(Hg), Thallium (Tl), deuteron, and Radium (Ra) in the framework of NMSSM with CP-
violation. We confine ourselves to the case in which only the physical CP phase (φ′λ− φ′κ),
associated with the couplings of the terms containing the singlet field in the superpotential
and with the VEVs, takes on a nonzero value. We figure out how large the CP phase
can be taken in a scenario in which a first-order phase transition could be achieved more
easily in comparison to the MSSM [18]. The form factors that contribute to these ob-
servable EDMs include electric-dipole moment, chromo-electric dipole moment, Weinberg
three-gluon operator, and the four-fermion operators. The two-loop Weinberg three-gluon
operator and the Higgs-exchange four-fermion operators are generated due to the tree-
level CP-violating Higgs mixing. The electric-dipole moment (EDM) and chromo-electric-
dipole moment (CEDM) receive the following one- and two-loop contributions: (i) One
loop neutralino-sfermion contribution in which the CP phase appears in the neutralino
mass matrix (the CP phase of the effective µ parameter in the chargino-mass matrix is set
to zero). (ii) Two-loop Barr-Zee (BZ) diagram with the γH0, W∓H±, W∓W±, and ZH0
decompositions.
†Nevertheless, accidental cancellations among various contributions may occur in the three measured
EDMs, thus still allowing sizable CP phases even with the SUSY particles lighter than O(1 TeV) [33, 34].
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We found that the one-loop contributions from the neutralino-sfermion diagrams to
the Thallium and neutron EDMs lie below the present experimental upper limits especially
when the sfermions of the first two generations are heavier than ∼ 300 GeV. This is in
agreement with the previous observations [4, 35], in which only the one-loop contributions
were taken into account. The one-loop contributions to the Mercury EDM could be larger
but they also go below the present experimental upper limit if the sfermions of the first
two generations are heavier than ∼ 300− 500 GeV.
The two-loop contributions start to dominate when the sfermions of the first two
generations are heavier than ∼ 300 GeV and the one-loop contributions are suppressed. We
found that the two-loop contributions can saturate the current bound on the neutron EDM
and they can go over that on the Mercury EDM. But we found that there is still a room
to have the maximal CP phase (φ′λ − φ′κ) ∼ 90◦ after taking account of the uncertainties
in the calculations of the EDMs. We note that the large CP phase can be easily probed
in the proposed future experiments searching for the EDMs of the deuteron and the 225Ra
atom and it might be connected to the EWBG.
The organization of the paper is as follows. We briefly describe the Higgs sector of
the NMSSM with CP-violating parameters in Sec. II. We give the relevant Higgs couplings
in Sec. III and detail breakdowns of the EDM calculations in Sec. IV. Numerical analysis
is given in Sec. V. We conclude in Sec. VI.
2 Higgs sector in the NMSSM with CP violation
The superpotential of the NMSSM may be written as
WNMSSM = Û
ChuQ̂Ĥu + D̂
ChdĤdQ̂ + Ê
CheĤdL̂ + λŜĤuĤd +
κ
3
Ŝ3 , (1)
where Ŝ denotes the singlet Higgs superfield, Ĥu,d are the two SU(2)L doublet Higgs super-
fields, and Q̂, L̂ and ÛC , D̂C, ÊC are the matter doublet and singlet superfields, respectively,
related to up- and down-type quarks and charged leptons. We note that, especially, the
last cubic term with a dimensionless coupling κ respects an extra discrete Z3 symmetry.
The superpotential leads to the tree-level Higgs potential, which is given by the sum
V0 = VF + VD + Vsoft, (2)
where each term is given by
VF = |λ|2|S|2(H†dHd +H†uHu) + |λHuHd + κS2|2,
VD =
g′2 + g2
8
(H†dHd −H†uHu)2 +
g2
2
(H†dHu)(H
†
uHd),
Vsoft = m
2
1H
†
dHd +m
2
2H
†
uHu +m
2
S|S|2 +
(
λAλSHuHd − 1
3
κAκS
3 + h.c.
)
, (3)
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with the gauge-coupling constants g′ = e/ cos θW and g = e/ sin θW , where e is the electric
charge of the positron in our convention. Note that we are taking the unusual minus(−)
sign for the singlet soft-trilinear term proportional to Aκ.
We have parametrized the component fields of the two doublet and one singlet scalar
Higgs fields and the vacuum expectation values (VEVs) as follows,
Hd =
(
1√
2
(vd + φ
0
d + iad)
φ−d
)
,
Hu = e
iθ
(
φ+u
1√
2
(vu + φ
0
u + iau)
)
,
S =
eiϕ√
2
(vS + φ
0
S + iaS) . (4)
Note that we have the complex vacuum-expectation-values (VEVs) and assume that the
parameters λ and κ in the superpotential and Aλ and Aκ in the soft terms contain non-
trivial CP phases. It turns out that not all the CP phases appearing at the tree level after
the electroweak symmetry breaking are physical and the only physical one is the difference
φ′λ − φ′κ with
φ′λ ≡ φλ + θ + ϕ and φ′κ ≡ φκ + 3ϕ , (5)
and the CP phases of Aλ and Aκ are determined up to a two-fold ambiguity using the two
CP-odd tadpole conditions. When φ′λ − φ′κ 6= 0, the neutral Higgs bosons do not have to
carry any definite CP parities already at the tree level and its mixing is described by the
orthogonal 5× 5 matrix Oαi as(
φ0d , φ
0
u , φ
0
S , a , aS
)T
= Oαi (H1 , H2 , H3 , H4 , H5)
T (6)
with H1(5) the lightest (heaviest) Higgs mass eigenstate.
For the calculation of the Higgs-boson masses and mixing matrix Oαi in the presence
of CP-violating parameters in the superpotential and in the soft-supersymmetry-breaking
sector, we adopt the renormalization-group (RG) improved approach by including the full
one-loop and the logarithmically enhanced two-loop effects [36]. And then, the NMSSM
Higgs sector is fixed by specifying the following input parameters:
tree level : |λ| , |κ| , tanβ ; |Aλ| , |Aκ| , vS
1-loop level : M
Q˜3
,M
U˜3
,M
D˜3
, |At| , |Ab|
CP phases : φ′λ , φ
′
κ ; φAt , φAb
signs of : cos(φ′λ + φAλ) , cos(φ
′
κ + φAκ) . (7)
For the renormalization scale Q0 we take the top-quark mass as in Refs. [21, 23, 37].
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In this work, we wish to consider the constraint on the tree-level CP phase φ′λ−φ′κ com-
ing from the non-observation of electric dipole moments (EDMs) for Thallium (205Tl) [29],
the neutron (n) [30], and Mercury (199Hg) [31,32] when the CP phases appearing in all the
other soft SUSY-breaking terms vanish or sin(φ′λ + φAf ) = sin(φ
′
λ + φi) = 0, with φAf and
φi denoting the CP phases of the soft trilinear parameters Af and the three gaugino mass
parameters Mi=1,2,3, respectively.
3 Higgs-boson couplings in the NMSSM
If we consider the case in which only the tree-level CP phase φ′λ − φ′κ takes a non-trivial
value while all the other CP phases are vanishing, as will be shown in the following, the
one-loop contributions to the EDMs are mostly small and the EDMs are dominated by
the two-loop contributions from the Higgs-mediated dimension-6 Weinberg operator, the
Higgs-exchange four-fermion operators, and the Barr–Zee-type diagrams. Therefore, for
the calculation of the EDMs beyond the one-loop level, one may need the Higgs-boson
couplings taking full account of the 5×5 CP-violating mixing matrix Oαi. In this section, we
present the couplings of the neutral and charged Higgs bosons to quarks, leptons, charginos,
neutralinos, and third-generation sfermions in the NMSSM with CP violation. For the
conventions and notations of the masses and mixing matrices of charginos, neutralinos,
and third-generation sfermions, we refer to Appendix A.
The interactions of the five neutral Higgs bosons with the SM quarks and leptons are
described by the interaction Lagrangian:
LHif¯f = − gf
5∑
i=1
Hi f¯
(
gSHif¯f + ig
P
Hif¯f
γ5
)
f , (8)
where gf = gmf/2MW for f = u, d, l. At the tree level, (g
S
Hif¯f
, gP
Hif¯f
) = (O1i/cβ,−O4i tan β)
and (gS
Hif¯f
, gP
Hif¯f
) = (O2i/sβ,−O4i cot β) for f = (l, d) and f = u, respectively. The
simultaneous existence of the couplings gS
Hif¯ f
and gP
Hif¯f
signals CP violation. The couplings
of the neutral Higgs bosons to the five neutralinos are given by:
LH0χ˜0χ˜0 = −
g
2
∑
i,j,k
Hkχ˜
0
i
(
gS
Hkχ˜
0
i
χ˜0
j
+ iγ5g
P
Hkχ˜
0
i
χ˜0
j
)
χ˜0j (9)
where i, j = 1, 2, 3, 4, 5 for the five neutralinos and k = 1, 2, 3, 4, 5 for the five neutral Higgs
bosons and the scalar and pseudo-scalar coupling are
gS
Hkχ˜
0
i
χ˜0
j
= ℜe
{
1
2
(N∗j2 − tWN∗j1)[N∗i3(O1k − iO4ksβ)−N∗i4(O2k − iO4kcβ)]
−|λ|e
i(φλ+θ+ϕ)
√
2 g
[
(O3k + iO5k)N
∗
i4N
∗
j3 + (O2k + iO4kcβ)N
∗
i5N
∗
j3
6
+(O1k + iO4ksβ)N
∗
i5N
∗
j4
]
+
|κ|ei(φκ+3ϕ)√
2 g
[
(O3k + iO5k)N
∗
i5N
∗
j5
]
+ [i↔ j]
}
gP
Hkχ˜
0
i
χ˜0
j
= −ℑm
{
1
2
(N∗j2 − tWN∗j1)[N∗i3(O1k − iO4ksβ)−N∗i4(O2k − iO4kcβ)]
−|λ|e
i(φλ+θ+ϕ)
√
2 g
[
(O3k + iO5k)N
∗
i4N
∗
j3 + (O2k + iO4kcβ)N
∗
i5N
∗
j3
+(O1k + iO4ksβ)N
∗
i5N
∗
j4
]
+
|κ|ei(φκ+3ϕ)√
2 g
[
(O3k + iO5k)N
∗
i5N
∗
j5
]
+ [i↔ j]
}
. (10)
Note the couplings are symmetric under the exchange of i ↔ j, reflecting the Majorana
property of the neutralinos, and contain the terms coupled to the singlet components of
the Higgs bosons and to the singlino components of the neutralinos which do not exist in
the MSSM. The couplings of the neutral Higgs bosons to the charginos can be similarly
cast into the form:
LH0χ˜+χ˜− = −
g√
2
∑
i,j,k
Hkχ˜
−
i
(
gS
Hkχ˜
+
i
χ˜−
j
+ iγ5g
P
Hkχ˜
+
i
χ˜−
j
)
χ˜−j , (11)
with i, j = 1, 2 for the two charginos, k = 1, 2, 3, 4, 5 for the five neutral Higgses, and
gS
Hkχ˜
+
i
χ˜−
j
=
1
2
{
(CR)i1(CL)
∗
j2(O1k − iO4ksβ) + (CR)i2(CL)∗j1(O2k − iO4kcβ)
+
|λ|ei(φλ+θ+ϕ)
g
(CR)i2(CL)
∗
j2(O3k + iO5k) + [i↔ j]∗
}
,
gP
Hkχ˜
+
i
χ˜−
j
=
i
2
{
(CR)i1(CL)
∗
j2(O1k − iO4ksβ) + (CR)i2(CL)∗j1(O2k − iO4kcβ)
+
|λ|ei(φλ+θ+ϕ)
g
(CR)i2(CL)
∗
j2(O3k + iO5k)− [i↔ j]∗
}
. (12)
We observe the couplings are real when i = j but they are complex otherwise with
gS,P
Hkχ˜
+
2
χ˜−
1
=
(
gS,P
Hkχ˜
+
1
χ˜−
2
)∗
. We again note that the couplings contain the terms coupled to the
singlet components of the neutral Higgs bosons which do not exist in the MSSM. Lastly,
the neutral Higgs interactions with sfermions can be written in terms of the sfermion mass
eigenstates as
L
Hf˜f˜
= v
∑
f=u,d,l,ν
g
Hif˜
∗
j
f˜k
(
Hi f˜
∗
j f˜k
)
(13)
where
v g
Hif˜
∗
j
f˜k
=
(
Γαf˜
∗ f˜
)
βγ
Oαi(U
f˜
βj)
∗U f˜γk (14)
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with α = (φ0d, φ
0
u, φ
0
S, a, aS) = (1, 2, 3, 4, 5) , β , γ = (f˜L, f˜R) = (1, 2) , i = (H1, H2, H3, H4, H5) =
(1, 2, 3, 4, 5) , and j , k = (f˜1, f˜2) = (1, 2). The explicit expressions of the couplings Γ
αf˜∗ f˜ in
the weak basis are given in Appendix B.
Now let us move to the couplings of the charged Higgs bosons. The charged Higgs
boson couplings to the SM quarks and leptons are described by the Lagrangian
LH±f↑f↓ = − gf↑f↓ H+ f¯↑
(
gSH+f¯↑f↓ + i g
P
H+f¯↑f↓
γ5
)
f↓ + h.c., (15)
with gf↑f↓ = −gmu/
√
2mW and −gml/
√
2mW when (f↑, f↓) = (u, d) and (ν, l), respec-
tively. At the tree level, (gSH+u¯d , g
P
H+u¯d) = ([1/tβ +(md/mu)tβ)]/2 , i[1/tβ− (md/mu)tβ)]/2)
and (gSH+ν¯l , g
P
H+ν¯l) = (tβ/2 ,−itβ/2). The interactions of the charged Higgs bosons with
charginos and neutralinos are described by the following Lagrangian:
LH±χ˜0
i
χ˜∓
j
= − g√
2
∑
i,j
H+ χ˜0i
(
gS
H+χ˜0
i
χ˜−
j
+ iγ5g
P
H+χ˜0
i
χ˜−
j
)
χ˜−j + h.c. , (16)
with i = 1, 2, 3, 4, 5, j = 1, 2, and
gS
H+χ˜0
i
χ˜−
j
=
1
2
{
sβ
[√
2N∗i3(CL)
∗
j1 − (N∗i2 + tWN∗i1)(CL)∗j2
]
+
√
2|λ|ei(φλ+θ+ϕ)
g
cβN
∗
i5(CL)
∗
j2
+ cβ
[√
2Ni4(CR)
∗
j1 + (Ni2 + tWNi1)(CR)
∗
j2
]
+
√
2|λ|e−i(φλ+θ+ϕ)
g
sβNi5(CR)
∗
j2
}
,
gP
H+χ˜0
i
χ˜−
j
=
i
2
{
sβ
[√
2N∗i3(CL)
∗
j1 − (N∗i2 + tWN∗i1)(CL)∗j2
]
+
√
2|λ|ei(φλ+θ+ϕ)
g
cβN
∗
i5(CL)
∗
j2
− cβ
[√
2Ni4(CR)
∗
j1 + (Ni2 + tWNi1)(CR)
∗
j2
]
−
√
2|λ|e−i(φλ+θ+ϕ)
g
sβNi5(CR)
∗
j2
}
. (17)
As similarly in the neutral Higgs couplings, we note that the couplings are containing,
in addition to the corresponding MSSM interactions, the terms coupled to the singlino
components of the neutralinos. Finally, the charged Higgs couplings to sfermions are given
by
L
H±f˜ ′f˜
= v g
H+f˜∗
j
f˜ ′k
(
H+ f˜ ∗j f˜ ′k
)
+ h.c. (18)
where
v g
H+f˜∗
j
f˜ ′k
=
(
ΓH
+f˜∗f˜ ′
)
βγ
(U f˜βj)
∗U f˜
′
γk (19)
The explicit expressions of the couplings ΓH
+f˜∗f˜ ′ in the weak basis are also given in Ap-
pendix B.
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4 Synopsis of EDMs
In this section, we briefly outline how we estimate observable EDMs. We start by giving
the relevant interaction Lagrangian as follows:
L = − i
2
dEf F
µν f¯ σµνγ5 f − i
2
dCq G
aµν q¯ σµνγ5T
a q
+
1
3
dG fabcG
a
ρµ G˜
b µν Gc ρν +
∑
f,f ′
Cff ′(f¯ f)(f¯ ′iγ5f ′) , (20)
where F µν and Gaµν are the electromagnetic and strong field strengths, respectively, the
T a = λa/2 are the generators of the SU(3)C group and G˜
µν = 1
2
ǫµνλσGλσ is the dual of the
SU(3)c field-strength tensor Gλσ. The EDMs and the CEDMs of quarks and leptons are
denoted by dEf and d
C
q , respectively.
For the Weinberg operator, we consider the contributions from the Higgs-mediated
two-loop diagrams:
(dG)H =
4
√
2GF g
3
s
(4π)4
∑
q=t,b
[∑
i
gSHiq¯q g
P
Hiq¯q
h(ziq)
]
, (21)
where ziq ≡M2Hi/m2q and, for the loop function h(ziq), we refer to Ref. [38].
For the four-fermion operators, we consider the t-channel exchanges of the CP-
violating neutral Higgs bosons which give rise to the CP-odd coefficients as follows [34]:
(Cff ′)
H = gf gf ′
∑
i
gS
Hif¯f
gP
Hif¯ ′f ′
M2Hi
. (22)
The EDM dEf and CEDM d
C
q are given by the sum of the one-loop and two-loop
contributions
dEf = (d
E
f )
χ˜0 + (dEf )
BZ ; dCq = (d
C
q )
χ˜0 + (dCq )
BZ . (23)
The details of the neutralino-mediated one-loop contributions and the contributions from
the two-loop Barr–Zee-type diagrams will be discussed below.
4.1 One-loop EDMs
In the case under consideration, the only non-vanishing one-loop contribution to the (C)EDMs
comes from the neutralino loops due to the CP phase φ′λ− φ′κ. The one-loop contributions
to the EDMs of charged leptons (dEl /e)
χ˜0 , up-type quarks (dEu /e)
χ˜0 and down-type quarks
(dEd /e)
χ˜0 may conveniently be expressed as(
dEf
e
)χ˜0
=
1
16π2
5∑
i=1
2∑
j=1
mχ˜0
i
m2
f˜j
ℑm[(gχ˜0ff˜R ij )∗ gχ˜
0ff˜
L ij ]Qf˜ B(m
2
χ˜0
i
/m2
f˜j
) , (24)
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with f = l, u, d. The neutralino-fermion-sfermion couplings are
gχ˜
0ff˜
L ij = −
√
2 g T f3 N
∗
i2(U
f˜ )∗1j −
√
2 g tW (Qf − T f3 )N∗i1(U f˜ )∗1j − hfN∗iα(U f˜ )∗2j ,
gχ˜
0ff˜
R ij =
√
2 g tW Qf Ni1(U
f˜ )∗2j − h∗fNiα(U f˜ )∗1j , (25)
where the Higgsino index α = 3 (f = l, d) or 4 (f = u), T l,d3 = −1/2 and T u3 = +1/2 and
the loop function is given by
B(r) =
1
2(1− r)2
(
1 + r +
2r ln r
1− r
)
, (26)
with B(1) = 1/6. As well as the EDMs, the neutralino loops can induce non-vanishing
chromo-electric dipole moments (CEDMs) for the quarks as follows:
(
dCq=u,d
)χ˜0
=
gs
16π2
5∑
i=1
2∑
j=1
mχ˜0
i
m2
q˜j
ℑm[(gχ˜0qq˜R ij )∗ gχ˜
0qq˜
L ij ]B(m
2
χ˜0
i
/m2
q˜j
) . (27)
4.2 Two-loop Barr–Zee EDMs
Beyond the one-loop, we take account of the contributions from the two-loop Barr–Zee-
type diagrams. We have considered the the Barr–Zee diagrams mediated by the γ-γ-H0i
couplings [34] and the γ-H±-W∓ and γ-W±-W∓ couplings [39]. The two-loop diagrams
mediated by the γ-H0-Z couplings [40, 41] have also been included taking account of the
general CP-violating Higgs-boson mixing. More explicitly, the contribution from the two-
loop Higgs-mediated Barr–Zee-type diagrams can be decomposed into four parts:
(
dEf
)BZ
=
(
dEf
)γH0
+
(
dEf
)W∓H±
+
(
dEf
)W∓W±
+
(
dEf
)ZH0
(28)
where
(−Qf )−1 ×
(
dEf
e
)γH0
=
∑
q=t,b
{
3αemQ
2
q mf
32π3
5∑
i=1
gP
Hif¯ f
M2Hi
∑
j=1,2
gHiq˜∗j q˜j F (τq˜ji)
+
3α2emQ
2
qmf
8π2s2WM
2
W
5∑
i=1
[
gPHif¯fg
S
Hiq¯q
f(τqi) + g
S
Hif¯ f
gPHiq¯q g(τqi)
] }
+
αemmf
32π3
5∑
i=1
gP
Hif¯f
M2Hi
∑
j=1,2
gHiτ˜∗j τ˜j F (ττ˜j i)
+
α2emmf
8π2s2WM
2
W
5∑
i=1
[
gPHif¯fg
S
Hiτ+τ−
f(ττi) + g
S
Hif¯f
gPHiτ+τ− g(ττi)
]
+
α2emmf
4
√
2π2s2WMW
10
×
5∑
i=1
∑
j=1,2
1
mχ±
j
[
gPHif¯fg
S
Hiχ
+
j
χ−
j
f(τχ±
j
i) + g
S
Hif¯ f
gP
Hiχ
+
j
χ−
j
g(τχ±
j
i)
]
,
(29)dEf↓
e
W∓H± = α2
64π2s4W
(−√2 gf↑f↓
g
)
1
M2H±
×
5∑
i=1
2∑
j=1
{∫ 1
0
dx
1
1− x J
(
rWH±,
rχ˜±
j
H±
1− x +
rχ˜0
i
H±
x
)
[
ℑm
(
(gSH+f¯↑f↓ + ig
P
H+f¯↑f↓
)GRL+
)
mχ˜±
j
x2
+ℑm
(
(gSH+f¯↑f↓ + ig
P
H+f¯↑f↓
)GLR+
)
mχ˜0
i
(1− x)2
+ℑm
(
(gSH+f¯↑f↓ + ig
P
H+f¯↑f↓
)GRL−
)
mχ˜±
j
x
+ℑm
(
(gSH+f¯↑f↓ + ig
P
H+f¯↑f↓
)GLR−
)
mχ˜0
i
(1− x)
]}
, (30)
(
dEf
e
)W∓W±
=
α2
32π2s4W
5∑
i=1
2∑
j=1
ℑm
[
gL
W+χ˜0
i
χ˜−
j
(
gR
W+χ˜0
i
χ˜−
j
)∗] mf mχ˜0
i
mχ˜±
j
M4W
fWW (ri, rj) ,
(31)
with τxi = m
2
x/M
2
Hi
, rxy ≡ M2x/M2y , rj ≡ m2χ˜±
j
/M2W and ri ≡ m2χ˜0
i
/M2W and (f↑, f↓) =
(u, d) , (νl , l). The W -boson couplings to the charginos and neutralinos are given by
gL
W+χ˜0
i
χ˜−
j
= Ni3(CL)
∗
j2 +
√
2Ni2(CL)
∗
j1 ,
gR
W+χ˜0
i
χ˜−
j
= −N∗i4(CR)∗j2 +
√
2N∗i2(CR)
∗
j1 , (32)
and, with A,B = L,R,
GAB± ≡
(
gS
H+χ˜0
i
χ˜−
j
)∗ (
gA
W+χ˜0
i
χ˜−
j
± gB
W+χ˜0
i
χ˜−
j
)
+ i
(
gP
H+χ˜0
i
χ˜−
j
)∗ (
gA
W+χ˜0
i
χ˜−
j
∓ gB
W+χ˜0
i
χ˜−
j
)
.(33)
For the loop functions F (τ), f(τ), g(τ), J(a, b), and fWW (ri , rj), we refer to, for example,
Refs. [34,39] and references therein. Finally, for (dEf )
ZH0, we take account of the dominant
fermionic contributions given by
(
dEf
e
)ZH0
=
α2vZf¯f
16
√
2π2c2W s
4
W
mf
MW
∑
q=t,b
3Qqmq√
2MW
×
5∑
i=1
[
gSHif¯f
(
vZq¯qg
P
Hiq¯q
) mq
m2Hi
∫ 1
0
dx
1
x
J
(
rZHi,
rqHi
x(1 − x)
)
+gPHif¯f
(
vZq¯qg
S
Hiq¯q
) mq
m2Hi
∫ 1
0
dx
1 − x
x
J
(
rZHi,
rqHi
x(1− x)
) ]
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− α
2vZf¯f
16
√
2π2c2W s
4
W
mf
MW
mτ√
2MW
×
5∑
i=1
[
gSHif¯f
(
vZτ+τ−g
P
Hiτ+τ−
) mτ
m2Hi
∫ 1
0
dx
1
x
J
(
rZHi,
rτHi
x(1 − x)
)
+gPHif¯f
(
vZτ+τ−g
S
Hiτ+τ−
) mτ
m2Hi
∫ 1
0
dx
1 − x
x
J
(
rZHi,
rτHi
x(1− x)
) ]
− α
2vZf¯f
16
√
2π2c2W s
4
W
mf
MW
×
5∑
k=1
2∑
i,j=1
[
gSHk f¯fℑm
(
aZχ˜+
j
χ˜−
i
gS
Hkχ˜
+
i
χ˜−
j
+ i vZχ˜+
j
χ˜−
i
gP
Hkχ˜
+
i
χ˜−
j
)
×
mχ˜−
j
m2Hk
∫ 1
0
dx
1
x
J
rZHk , xrχ˜−i Hk + (1− x)rχ˜−j Hkx(1− x)

+gPHkf¯ fℑm
(
i vZχ˜+
j
χ˜−
i
gS
Hkχ˜
+
i
χ˜−
j
− aZχ˜+
j
χ˜−
i
gP
Hkχ˜
+
i
χ˜−
j
)
×
mχ˜−
j
m2Hk
∫ 1
0
dx
1− x
x
J
rZHk , xrχ˜−i Hk + (1− x)rχ˜−j Hkx(1 − x)
] .
(34)
The Z-boson couplings to the charginos are given by
LZχ˜+χ˜− = − gZ χ˜−i γµ
(
vZχ+
i
χ˜−
j
− aZχ+
i
χ˜−
j
γ5
)
χ˜−j Zµ (35)
where gZ = g/cW = e/(sW cW ) and
vZχ+
i
χ˜−
j
=
1
4
[
(CL)i2 (CL)
∗
j2 + (CR)i2 (CR)
∗
j2
]
− c2W δij ,
aZχ+
i
χ˜−
j
=
1
4
[
(CL)i2 (CL)
∗
j2 − (CR)i2 (CR)∗j2
]
. (36)
And the Z-boson couplings to the quarks and leptons are given by
LZf¯f = − gZ f¯ γµ
(
vZf¯f − aZf¯fγ5
)
f Zµ (37)
with vZf¯f = T
f
3L/2−Qfs2W and aZf¯f = T f3L/2. For the SM quarks and leptons, T u,ν3L = +1/2
and T d,e3L = −1/2.
In addition to EDMs, the two-loop Higgs-mediated Barr-Zee graphs also generate
CEDMs of the light quarks ql = u, d which take the forms:(
dCql
)BZ
= − ∑
q=t,b
{
gs αsmql
64π3
5∑
i=1
gPHiq¯lql
M2Hi
∑
j=1,2
gHiq˜∗j q˜j F (τq˜ji)
+
gs αs αemmql
16π2s2WM
2
W
5∑
i=1
[
gPHiq¯lqlg
S
Hiq¯q
f(τqi) + g
S
Hiq¯lql
gPHiq¯q g(τqi)
]}
. (38)
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4.3 Observable EDMs
In this subsection, we briefly review the dependence of the Thallium, neutron, Mercury,
deuteron, and Radium EDMs on the (C)EDMs of quarks and leptons and the coefficients
of the dimension-six Weinberg operator and the four-fermion operators.
4.3.1 Thallium EDM
The Thallium EDM receives contributions mainly from two terms [42, 43]:
dTl [e cm] = −585 · dEe [e cm] − 8.5× 10−19 [e cm] · (CS TeV2) + · · · , (39)
where dEe is the electron EDM and CS is the coefficient of the CP-odd electron-nucleon
interaction LCS = CS e¯iγ5 eN¯N which is given by
CS = Cde
29MeV
md
+ Cse
κ× 220MeV
ms
+ (0.1GeV)
me
v2
3∑
i=1
gSHiggg
P
Hie¯e
M2Hi
(40)
with κ ≡ 〈N |mss¯s|N〉/220 MeV ≃ 0.50± 0.25 and
gSHigg =
∑
q=t,b
2 xq3 gSHiq¯q − v
2
12
∑
j=1,2
gHiq˜∗j q˜j
m2
q˜j
 , (41)
with xt = 1 and xb = 1− 0.25κ.
4.3.2 Neutron EDM
For the neutron EDM, we consider three different hadronic approaches: (i) the Chiral
Quark Model (CQM), (ii) the Parton Quark Model (PQM) and (iii) the QCD sum-rule
technique.
• In the CQM approach, the neutron EDM is given by
dn =
4
3
dNDAd −
1
3
dNDAu ,
dNDAq=u,d = η
E dEq + η
C e
4π
dCq + η
G eΛ
4π
dG , (42)
where the chiral symmetry breaking scale Λ ≃ 1.19 GeV and the ηE,C,G account for
the renormalization-group (RG) evolution of dE,Cq and d
G from the electroweak (EW)
scale to the hadronic scale. For the QCD correction factors we are taking ηE ≃ 1.53
and ηC ≃ ηG ≃ 3.4 [44]. We note that the EDM operators dE,Cq and dG in (42) are
computed at the EW scale.
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• In the PQM approach, the neutron EDM is given by [45]
dn = η
E (∆PQMd d
E
d + ∆
PQM
u d
E
u +∆
PQM
s d
E
s ) , (43)
with ∆PQMd = 0.746, ∆
PQM
u = −0.508, and ∆PQMs = −0.226.
• Using the QCD sum-rule technique, the neutron EDM is given by [46–50]
dn = dn(d
E
q , d
C
q ) + dn(d
G) + dn(Cbd) + · · · ,
dn(d
E
q , d
C
q ) = (1.4± 0.6) (dEd − 0.25 dEu ) + (1.1± 0.5) e (dCd + 0.5 dCu )/gs ,
dn(d
G) ∼ ± e (20± 10) MeV dG ,
dn(Cbd) ∼ ± e 2.6× 10−3 GeV2
[
Cbd
mb
+ 0.75
Cdb
mb
]
, (44)
where dEq and d
C
q should be evaluated at the EW scale and d
G at the 1 GeV scale,
dG|1 GeV ≃ (ηG/0.4) dG|EW ≃ 8.5 dG|EW [48]. In the numerical estimates we take the
positive signs for dn(d
G) and dn(Cbd).
4.3.3 Mercury EDM
Using the QCD sum rules [49, 50], we estimate the Mercury EDM as follows:
d I ,II ,III ,IVHg = d
I ,II ,III ,IV
Hg [S] + 10
−2dEe + (3.5× 10−3GeV) eCS
+ (4× 10−4 GeV) e
[
CP +
(
Z −N
A
)
Hg
C ′P
]
, (45)
where d I ,II ,III ,IVHg [S] denotes the Mercury EDM induced by the Schiff moment. The pa-
rameters CP and C
′
P are the couplings of electron-nucleon interactions as in LCP =
CP e¯e N¯iγ5N + C
′
P e¯e N¯iγ5τ3N and they are given by [34]
CP ≃ − 375 MeV
∑
q=c,s,t,b
Ceq
mq
,
C ′P ≃ − 806 MeV
Ced
md
− 181 MeV ∑
q=c,s,t,b
Ceq
mq
. (46)
We take account of the uncertainties in the calculation of the Schiff-moment induced Mer-
cury EDM as follows [51]:
d IHg[S] ≃ 1.8× 10−3 e g¯(1)piNN /GeV ,
d IIHg[S] ≃ 7.6× 10−6 e g¯(0)piNN /GeV + 1.0× 10−3 e g¯(1)piNN /GeV ,
d IIIHg[S] ≃ 1.3× 10−4 e g¯(0)piNN /GeV + 1.4× 10−3 e g¯(1)piNN /GeV ,
d IVHg[S] ≃ 3.1× 10−4 e g¯(0)piNN /GeV + 9.5× 10−5 e g¯(1)piNN /GeV . (47)
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where
g¯
(0)
piNN = 0.4× 10−12
(dCu + d
C
d )/gs
10−26cm
|〈q¯q〉|
(225MeV)3
,
g¯
(1)
piNN = 2
+4
−1 × 10−12
(dCu − dCd )/gs
10−26cm
|〈q¯q〉|
(225MeV)3
− 8× 10−3GeV3
[
0.5Cdd
md
+ 3.3κ
Csd
ms
+ (1− 0.25κ)Cbd
mb
]
. (48)
4.3.4 Deuteron EDM
For the deuteron EDM, we use [34, 52]:
dD ≃ −
[
5+11−3 + (0.6± 0.3)
]
e (dCu − dCd )/gs
−(0.2 ± 0.1) e (dCu + dCd )/gs + (0.5± 0.3)(dEu + dEd )
+(1± 0.2)× 10−2 eGeV2
[
0.5Cdd
md
+ 3.3κ
Csd
ms
+ (1− 0.25κ)Cbd
mb
]
± e (20± 10) MeV dG . (49)
In the above, dG is evaluated at the 1 GeV scale, and the coupling coefficients gd,s,b ap-
pearing in Cdd,sd,bd are computed at energies 1 GeV, 1 GeV and mb, respectively. All other
EDM operators are calculated at the EW scale. In the numerical estimates we take the
positive sign for dG.
4.3.5 Radium EDM
For the EDM of 225Ra, we use [51]:
dRa ≃ dRa[S] ≃ −8.7× 10−2 e g¯(0)piNN /GeV + 3.5× 10−1 e g¯(1)piNN /GeV . (50)
We note that the g¯
(1)
piNN contribution to the Radium EDM is about 200 times larger than
that to the Mercury EDM d IHg[S] [53].
5 Numerical Analysis
The scenario we are considering has an intermediate value of tanβ with small vS ∼ v:
tan β = 5 , vS = 200 GeV ,
M
Q˜1,2,3
= M
U˜1,2,3
=M
D˜1,2,3
=M
L˜1,2,3
=M
E˜1,2,3
= 1 TeV ,
|Ae| = |Au| = |Ad| = |As| = |Aτ | = |At| = |Ab| = 1 TeV ,
φAe = φAu = φAd = φAs = φAτ = φAt = φAb = 0 ; φ1,2 = π , φ3 = 0 ,
φ′λ = 0 ; sign [cos(φ
′
κ + φAκ)] = sign [cos(φ
′
λ + φAλ)] = +1 , (51)
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Figure 1: The absolute value of the Thallium EDM dTl divided by the current experimental
limit dEXPTl as a function of φ
′
κ varying |λ|, |κ|, |Aλ|, and |Aκ| over the ranges given by
Eq. (55) for the scenario specified by Eq. (51). Especially, the |κ| range is divided into 2
regions: 0.01 ≤ |κ| < 0.1 (red filled circle), and 0.1 ≤ |κ| ≤ 0.2 (blue plus) .
while varying
|λ| , |κ| ; |Aλ| , |Aκ| ; φ′κ . (52)
We have chosen M1 = M2 = −200 GeV to fix the neutralino sector ‡. We find that
a first-order phase transition could occur in some regions of the parameter space of this
‡In some regions of the parameter space, we find that Γ(Z → χ˜01χ˜01) becomes sizable around φ′κ = 180◦,
violating the LEP bound on the non-SM contributions to the invisible Z decay width, ∆Γinv < 2 MeV [54].
In this section, we are presenting our results without including the bound on ∆Γinv since it can be easily
satisfied for other choices of M1,2 without affecting the numerical results much.
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Figure 2: The same as in Fig. 1 but for the neutron EDM in the QCD sum rules (left),
CQM (middle) and PQM approaches (right).
scenario [18] which is needed for the EWBG [15].
In Figs. 1, 2, and 3, we show the absolute values of
dTl/d
EXP
Tl , dn/d
EXP
n , dHg/d
EXP
Hg , (53)
with the current experimental bounds
dEXPTl = 9× 10−25 e cm , dEXPn = 2.9× 10−26 e cm , dEXPHg = 3.1× 10−29 e cm . (54)
For a given value of φ′κ, we perform a scan by sampling the four model parameters in the
following ranges:
0.75 ≤ |λ| ≤ 0.95 ,
0.01 ≤ |κ| ≤ 0.2 ,
|Aλ|MIN ≤ |Aλ| ≤ 800 GeV ,
|Aκ|MIN ≤ |Aκ| ≤ 200 GeV , (55)
where |Aλ ,κ|MIN are determined by the tadpole conditions [36]. The lower limit on |λ|
comes from the chargino mass limit and that on |κ| is derived from the global minimum
condition and the requirement of the strong enough first-order electroweak phase transition.
The upper limits on |λ| and |κ| come from requiring that there is no serious breakdown of
perturbativity below the GUT scale. Especially, we have taken 0.95 as the upper bound for
|λ| as done in Ref. [18], though it is somewhat larger than the usual perturbativity bound
(∼ 0.8) quoted in the NMSSM. Such a value of |λ| might be comfortably accommodated
in, for example, the SUSY fat Higgs model which includes a new gauge interaction that
becomes strong at an intermediate scale [55]. And then the LEP limits, the global minimum
condition, and the positivity of the square of the Higgs-boson mass have been imposed as
17
Figure 3: The same as in Fig. 1 but for the Mercury EDM: d IHg (upper left), d
II
Hg (upper
right), d IIIHg (lower left), and d
IV
Hg (lower right).
described in Ref. [36]. We note that the region of |Aλ| is around |λ|vS tanβ/
√
2 ∼ 600
GeV, which determines the typical masses of the heavier Higgs bosons.
The Thallium EDM is below the current experimental limits over the whole range of
the parameters except for a few points around φ′κ = 110
◦ and 250◦, see Fig. 1. Also, we see
that the ratio |dTl/dEXPTl | does not exceed 3.
Fig. 2 shows the neutron EDM in the three different approaches. The estimations in
the QCD sum rules and CQM approaches give more or less similar results which do not
exceed 3 times the current experimental limit while the PQM prediction always lies below
it. We observe that larger values of |κ| lead to larger EDMs in the QCD and PQM cases.
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Figure 4: The same as in Fig. 1 but for the deuteron (left) and Radium (right) EDMs.
Fig. 3 shows the four different calculations of the Mercury EDM. Using the three
calculations d IHg, d
II
Hg, and d
III
Hg, we observe that |dHg/dEXPHg | can be as large as ∼ 20 and so
only the small angle region with ∆φ′κ ∼ ±10◦ (30◦) around 0◦ is allowed when |κ| ≥ (<)0.1.
The small angle region around 180◦ is also allowed. While if we adopt d IVHg, the Mercury
EDM does not exceed 4 times the current experimental limit and much larger values of φ′κ
are still allowed.
To summarize, the tree-level CP phase φ′κ is hardly constrained by the non-observation
of Thallium and neutron EDMs. The Mercury EDM constraint could be stronger but there
is still a room to have large φ′κ ∼ 90◦ after taking account of the uncertainties in the
calculation of the Schiff-moment induced Mercury EDM, dHg[S].
At this stage, it would be interesting to see whether the proposed future EDM ex-
periments can probe the CP phase φ′κ. In this work, we consider the deuteron EDM and
the 225Ra EDM. The latter is known to be enhanced by the Schiff moment induced by the
presence of nearby parity-doublet states [53]. In Fig. 4, we show the absolute values of
dD/d
EXP
D and dRa/d
EXP
Ra . (56)
For the normalization of the deuteron EDM, we have taken the projected experimental
sensitivity [56]: dEXPD = 3 × 10−27 e cm. For the Radium EDM, we have taken dEXPRa =
1× 10−27 e cm. The chosen value for dEXPRa is near to a sensitivity which can be achieved in
one day of data-taking [57]. From Fig. 4, we see that |dD/dEXPD | and |dRa/dEXPRa | can be as
large as ∼ 150 and the larger values of |κ| lead to the larger EDMs. We observe that both
of the experiments have powerful potential to probe almost the whole region of φ′κ.
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Figure 5: The observable EDMs taking |λ| = 0.81, |κ| = 0.08, |Aλ| = 575 GeV, and
|Aκ| = 110 GeV. The other parameters are fixed as in Eq. (51)
In the remaining part of this section, we wish to present the details of the observable
EDMs by exemplifying a point
|λ| = 0.81 , |κ| = 0.08 , |Aλ| = 575 GeV , |Aκ| = 110 GeV. (57)
The other parameters are fixed as in Eq. (51), as motivated by EWBG. In Fig. 5, we show
the absolute values of the observable EDMs under consideration divided by the correspond-
ing current experimental limits or the projected experimental sensitivities.
Fig. 6 shows the Thallium, neutron and Mercury EDMs together with the constituent
contributions. We observe that both the dEe and CS terms significantly contribute to the
Thallium EDM. The dominant contributions to the neutron EDM in the QCD sum-rule
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Figure 6: The observable EDMs together with the constituent contributions taking |λ| =
0.81, |κ| = 0.08, |Aλ| = 575 GeV, and |Aκ| = 110 GeV. The other parameters are fixed as
in Eq. (51). Each frame shows: the Thallium EDM (upper left), the neutron EDM in the
QCD sum-rule approach (upper right), the neutron EDM in the PQM (lower left), and the
Mercury EDM d IHg (lower right).
approach come from the CEDM and dG terms and we note that the neutron EDM in the
CQM shows the similar behavior (not shown). The neutron EDM in the PQM is dominated
by the contributions from the EDMs of the up and strange quarks. On the other hand, the
Mercury EDM is dominated by the CEDMs of the light quarks. Fig. 7 shows the deuteron
and Radium EDMs together with the constituent contributions. We observe both of the
EDMs are dominated by the contributions from the CEDM terms.
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Figure 7: The observable EDMs together with the constituent contributions taking |λ| =
0.81, |κ| = 0.08, |Aλ| = 575 GeV, and |Aκ| = 110 GeV. The other parameters are fixed as
in Eq. (51). The left (right) frame shows the deuteron (Radium) EDM.
Fig. 8 shows the EDMs and CEDMS of the electron and light quarks together with
the constituent contributions. We observe that the electron EDM is dominated by the two-
loop Barr–Zee contributions mediated by the γ-γ-H0i and γ-W
±-W∓ couplings, whereas the
one-loop contribution from the neutralino loops is subleading. The one-loop contribution
is suppressed because the CP phase φ′κ can contribute to EDM only through the multiple
singlino-Higgsino-gaugino mixing and we are taking somewhat large values for the masses
of the sfermions of the first two generations: M
Q˜1,2
= M
U˜1,2
= M
D˜1,2
= M
L˜1,2
= M
E˜1,2
= 1
TeV. The other two-loop contributions mediated by the γ-H±-W∓ and γ-H0-Z couplings
are suppressed by the large charged Higgs-boson mass ∼ 600 GeV and the small vector
coupling of the Z boson to electrons, vZe+e− = −1/4 + s2W with s2W = 0.23, respectively.
The EDMs of the light quarks are dominated by the two-loop Barr–Zee contributions
mediated by the γ-γ-H0i and γ-W
±-W∓ couplings. Being different from the case of dEe ,
the two-loop contribution mediated by the γ-H0-Z couplings is larger than the one-loop
contribution. We note a cancellation occurs between the two dominant two-loop Barr–Zee
contributions in dEd,s, resulting in |dEd | < |dEu | ∼ |dEs |. The CEDMs of the up and down
quarks are dominated by the Higgs-mediated two-loop contributions which are more than
100 times larger than the one-loop contributions and we note |dCd |/|dCu | ∼ (md/mu) tanβ ∼
10.
Finally, we examine the dependence of the observable EDMs on the sfermion masses
of the first two generations. Fig. 9 shows the observables EDMs as functions of the common
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mass scale for the first two generations, M
X˜1,2
≡ M
Q˜1,2
= M
U˜1,2
= M
D˜1,2
= M
L˜1,2
= M
E˜1,2
.
Except the neutron EDM based on the CQM which lies below the current experimental
limit independently of M
X˜1,2
, all the EDMs exhibit dips at certain values of M
X˜1,2
. The
dips occur because of the cancellation between the one- and two-loop contributions. When
M
X˜1,2
is small the one-loop contribution dominates. As M
X˜1,2
grows, the one-loop con-
tribution decouples and the EDMs saturate to certain values determined by the two-loop
contribution. Therefore, for the neutron (QCD), Mercury, deuteron, and Radium EDMs,
we observe that the one-loop contribution is comparable to or larger than the two-loop one
only when M
X˜1,2
<∼ 300 GeV. On the other hand, for the neutron EDM based on the PQM
and the Thallium EDM, the one-loop contributions are larger but the two-loop contribution
starts to dominate when M
X˜1,2
is larger than ∼ 600 GeV. By choosing d IVHg for the Mercury
EDM, we observe that all the EDM constraints could be fulfilled when M
X˜1,2
>∼ 300 GeV
without relying on the cancellation mechanism. If we make other choices for the Mercury
EDM, to suppress all the EDMs for Thallium, neutron, and Mercury below their present
experimental bounds, the required degree of cancellation is about 90 % over the whole
range of M
X˜1,2
, with 100 % corresponding to complete cancellation.
Before we close this section, we make a comment on the tan β dependence of the EDMs
of the electron and the down and strange quarks. The one-loop neutralino contribution is
proportional to tanβ. The Barr–Zee contribution mediated by the γ-W±-W∓ couplings,
one of the two two-loop leading contributions, is nearly independent of tanβ. The tanβ
dependence of the other dominant Barr–Zee contribution mediated by the γ-γ-H0i couplings
is much milder compared to the MSSM case in which the sbottom and stau contributions
are proportional to tan3 β [49, 59, 60]. This is because the masses of the two heavy Higgs
states, which include the CP-odd state from the Higgs doublets, increase as tan β grows,
MH4,H5 ≃ (|λ|vS/
√
2) tan β, to avoid tachyonic Higgs states [36].
6 Conclusions
We have performed a study on the predictions of EDMs for Thallium, neutron, Mercury,
deuteron, and Radium in the framework of CP violating NMSSM. The rephasing invariant
combinations of the physical CP phases contributing to the EDMs are (φ′λ+φAf ), (φ
′
λ+φi),
and (φ′λ − φ′κ), with φAf and φi denoting the CP phases of the soft trilinear parameters
Af and the three gaugino mass parameters Mi=1,2,3, respectively. Unlike the MSSM the
non-vanishing CP phase (φ′λ−φ′κ) could result in significant CP-violating mixing among the
neutral Higgs bosons at tree level even when sin(φ′λ+φAf ) = sin(φ
′
λ+φi) = 0. Throughout
this work, we have taken a convention of φ′λ = 0.
The MSSM CP phases φAf and φi are generally known to be strongly constrained
by the non-observation of the Thallium, neutron, and Mercury EDMs, without invoking
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cancellations among various comparable contributions, if the sfermions are within the reach
of the LHC. On the other hand, the matter-dominated Universe requires sources of CP
violation other than the single Kobayashi–Maskawa phase §. In this work, we concentrate
on the CP phase φ′κ, which only exist in the NMSSM framework, by taking sin(φAf ) =
sin(φi) = 0.
One of the attractive features of the NMSSM, compared to the MSSM, might be that
the mechanism of EWBG could be realized in a more natural setting. In analyzing the
EDM constraint on the CP phase φ′κ, we have taken a scenario in which a first-order phase
transition is presumed to occur. The strong enough first-order phase transition is essential
to the EWBG.
Previously, the constraint on φ′κ from the neutron and electron (equivalently, Thal-
lium) EDMs had been considered but only the one-loop neutralino contributions were taken
into account. We check that our one-loop results agree well with the previous ones, showing
no strong constraints on φ′κ especially when the sfermions of the first two generations are
heavier than ∼ 300 GeV. In this work, we have further considered the constraint from the
non-observation of Mercury EDM and found the similar results.
In addition to the one-loop contributions, we have taken account of the higher-order
corrections to the EDMs and CEDMs of the light quarks and electron, the dimension-
six Weinberg and the Higgs-exchange four-fermion operators. We note that most of these
operators are generated due to the CP-violating neutral Higgs-boson mixing induced by the
CP phase φ′κ. The two-loop contributions and, especially, the coefficient of the dimension-
six Weinberg operator start to dominate when the sfermions of the first two generations
are heavier than ∼ 300 GeV. We found that they can saturate the current bound on the
neutron EDM and can go over that on the Mercury EDM. For the Mercury EDM, we have
included the uncertainties in the calculation of the Schiff-moment-induced term and found
that there is still a room to have the maximal CP phase φ′κ ∼ 90◦. We have also shown
that the large CP phase φ′κ ∼ 90◦ can be easily probed in the proposed future experiments
searching for the EDMs of deuteron and the 225Ra atom and it might be connected to the
EWBG, providing a new mechanism for it [61].
Furthermore, we offer a few more comments as follows before we close.
1. The new CP phase that we considered here can be applied to a number of low-energy
phenomenologies, such as CP asymmetries in B mesons and K mesons.
2. In our previous work [36], we have imposed the following constraints to the parameter
space: the LEP limits, the global minimum condition, and the positivity of the square
of the Higgs-boson masses. In the present work, we have further constrained the
§See Ref. [58] for the recently suggested bino-driven EWBG scenario exploiting the CP phase of the
bino mass parameter, φ1, to account for successful EWBG without inducing large EDMs.
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parameter space required by the EDM constraints. Therefore, by combining all these
constraints we can explore further phenomenologies, including the Higgs physics at
the LHC, the muon anomalous magnetic moment, and electroweak baryogenesis.
3. One of the reasons why the 2-loop BZ diagrams can dominate is that one or more of
the neutral Higgs bosons become very light. One can imagine that contributions to
the muon anomalous magnetic moments can also become important in comparison
to the one-loop result. In fact, one can show that the muon anomalous magnetic
moment and EDM are related to the real and imaginary parts of the combination of
couplings. We will come back to this issue in a future work.
4. We will soon make available a computer code for calculating all the couplings and
masses of the Higgs bosons, with the parameter space restricted by all the experi-
mental constraints (all the above mentioned ones as well as direct search limits, muon
g − 2, etc) as we proceed further in this framework.
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Appendices
Throughout Appendices, we are following the conventions and notations of CPsuperH [27].
A Masses and mixing matrices
Here we set up our conventions and notations of the masses and mixing matrices of neutral
Higgs bosons, charginos, neutralinos, third-generations sfermions.
• Neutral Higgs bosons:
(φ0d, φ
0
u, φ
0
S, a, aS)
T
α = Oαi(H1, H2, H3, H4, H5)
T
i , (A.1)
where OTM2H O = diag (M2H1 ,M2H2 ,M2H3 ,M2H4 ,M2H5) with MH1 ≤ MH2 ≤ MH3 ≤
MH4 ≤MH5 .
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• Charginos: We adopt the convention H˜−L(R) = H˜−d(u). The chargino mass matrix in
the (W˜−, H˜−) basis
MC =
 M2
√
2MW cβ
√
2MW sβ
|λ|vS√
2
ei(φλ+θ+ϕ)
 , (A.2)
is diagonalized by two different unitary matrices CRMCC†L = diag{mχ˜±
1
, mχ˜±
2
}, where
mχ˜±
1
≤ mχ˜±
2
. The chargino mixing matrices (CL)iα and (CR)iα relate the electroweak
eigenstates to the mass eigenstates, via
χ˜−αL = (CL)
∗
iαχ˜
−
iL , χ˜
−
αL = (W˜
−, H˜−)TL ,
χ˜−αR = (CR)
∗
iαχ˜
−
iR , χ˜
−
αR = (W˜
−, H˜−)TR . (A.3)
We use the following abbreviations throughout this paper: sβ ≡ sin β, cβ ≡ cos β,
tβ = tanβ, s2β ≡ sin 2β, c2β ≡ cos 2β, sW ≡ sin θW , cW ≡ cos θW , etc.
• Neutralinos: The symmetric neutralino mass matrix in the (B˜, W˜ 0, H˜0d , H˜0u, S˜) basis
is given by
MN =

M1 0 −MZcβsW MZsβsW 0
M2 MZcβcW −MZsβcW 0
0 − |λ|vS√
2
ei(φλ+θ+ϕ) − |λ|vsβ√
2
ei(φλ+θ+ϕ)
0 − |λ|vcβ√
2
ei(φλ+θ+ϕ)
√
2|κ|vS ei(φκ+3ϕ)

(A.4)
This neutralino mass matrix is diagonalized by a unitary matrix N : N∗MNN † =
diag (mχ˜0
1
, mχ˜0
2
, mχ˜0
3
, mχ˜0
4
, mχ˜0
5
) with mχ˜0
1
≤ mχ˜0
2
≤ mχ˜0
3
≤ mχ˜0
4
≤ mχ˜0
5
. The neutralino
mixing matrix Niα relates the electroweak eigenstates to the mass eigenstates via
(B˜, W˜ 0, H˜0d , H˜
0
u, S˜)
T
α = N
∗
iα(χ˜
0
1, χ˜
0
2, χ˜
0
3, χ˜
0
4, χ˜
0
5)
T
i . (A.5)
• Stops, sbottoms, staus and tau sneutrino: At the tree level, the Yukawa couplings
are given by
hl =
√
2ml
vcβ
; hd =
√
2md
vcβ
; hu = e
−iθ
√
2mu
vsβ
. (A.6)
The stop and sbottom mass matrices may conveniently be written in the (q˜L, q˜R)
basis as
M˜2t =
 M2Q˜3 + m2t + c2βM2Z (T t3L − Qts2W ) h∗tvu(A∗ue−iθ − |λ|vS√2 ei(φλ+ϕ) cot β)/√2
htvu(Aue
iθ − |λ|vS√
2
e−i(φλ+ϕ) cot β)/
√
2 M2
U˜3
+ m2t + c2βM
2
Z Qts
2
W
 ,
M˜2b =
 M2Q˜3 + m2b + c2βM2Z (T b3L − Qbs2W ) h∗bvd(A∗b − |λ|vS√2 ei(φλ+θ+ϕ) tanβ)/√2
hbvd(Ab − |λ|vS√2 e−i(φλ+θ+ϕ) tanβ)/
√
2 M2
D˜3
+ m2b + c2βM
2
Z Qbs
2
W
 ,
(A.7)
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with T t3L = −T b3L = 1/2, Qt = 2/3, Qb = −1/3, and hq is the Yukawa coupling of the
quark q. On the other hand, the stau mass matrix is written in the (τ˜L, τ˜R) basis as
M˜2τ =
 M2L˜3 + m2τ + c2βM2Z (s2W − 1/2) h∗τvd(A∗τ − |λ|vS√2 ei(φλ+θ+ϕ) tanβ)/√2
hτvd(Aτ − |λ|vS√2 e−i(φλ+θ+ϕ) tanβ)/
√
2 M2
E˜3
+ m2τ − c2βM2Z s2W
 ,
(A.8)
and the mass of the tau sneutrino ν˜τ is simply mν˜τ =
√
M2
L˜3
+ 1
2
c2βM2Z , as it has no
right–handed counterpart in the NMSSM as in the MSSM.
The 2 × 2 sfermion mass matrix M˜2f for f = t, b and τ is diagonalized by a unitary
matrix U f˜ : U f˜† M˜2f U f˜ = diag(m2f˜1, m
2
f˜2
) with m2
f˜1
≤ m2
f˜2
. The mixing matrix U f˜
relates the electroweak eigenstates f˜L,R to the mass eigenstates f˜1,2, via
(f˜L, f˜R)
T
α = U
f˜
αi (f˜1, f˜2)
T
i . (A.9)
B Higgs-boson couplings to sfermions
Here we present the couplings of the neutral and charged Higgs bosons to squarks and
sleptons in the weak basis.
• The neutral Higgs couplings to sfermions:
– In the (b˜L, b˜R) basis, the neutral Higgs couplings to the sbottoms:
Γφ
0
d
b˜∗b˜ =
 −|hb|2vcβ + 14
(
g2 + 1
3
g′2
)
vcβ − 1√2h∗bA∗b
− 1√
2
hbAb −|hb|2vcβ + 16g′2vcβ
 ,
Γφ
0
ub˜
∗b˜ =
 −14
(
g2 + 1
3
g′2
)
vsβ
1
2
h∗b |λ|vS ei(φλ+θ+ϕ)
1
2
hb|λ|vS e−i(φλ+θ+ϕ) −16g′2vsβ
 ,
Γφ
0
S
b˜∗b˜ =
 0 12 h∗b |λ| v sβ ei(φλ+θ+ϕ)
1
2
hb|λ| v sβ e−i(φλ+θ+ϕ) 0
 ,
Γa b˜
∗b˜ =
1√
2
 0 i h∗b
(
sβA
∗
b + cβ
|λ| vS√
2
ei(φλ+θ+ϕ)
)
−i hb
(
sβAb + cβ
|λ| vS√
2
e−i(φλ+θ+ϕ)
)
0
 ,
ΓaS b˜
∗b˜ =
 0 i 12 h∗b |λ| v sβ ei(φλ+θ+ϕ)
−i 1
2
hb|λ| v sβ e−i(φλ+θ+ϕ) 0
 ,
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– In the (t˜L, t˜R) basis, the neutral Higgs couplings to the stops:
Γφ
0
d
t˜∗ t˜ =
 −14
(
g2 − 1
3
g′2
)
vcβ
1
2
h∗t |λ|vS ei(φλ+ϕ)
1
2
ht|λ|vS e−i(φλ+ϕ) −13g′2vcβ
 ,
Γφ
0
u t˜
∗ t˜ =
 −|ht|2vsβ + 14
(
g2 − 1
3
g′2
)
vsβ − 1√2h∗tA∗t e−iθ
− 1√
2
htAt e
iθ −|ht|2vsβ + 13g′2vsβ
 ,
Γφ
0
S
t˜∗ t˜ =
 0 12 h∗t |λ| v cβ ei(φλ+ϕ)
1
2
ht|λ| v cβ e−i(φλ+ϕ) 0
 ,
Γa t˜
∗ t˜ =
1√
2
 0 i h∗t
(
cβA
∗
t e
−iθ + sβ
|λ| vS√
2
ei(φλ+ϕ)
)
−i ht
(
cβAt e
iθ + sβ
|λ| vS√
2
e−i(φλ+ϕ)
)
0
 ,
ΓaS t˜
∗ t˜ =
 0 i 12 h∗t |λ| v cβ ei(φλ+ϕ)
−i 1
2
ht|λ| v cβ e−i(φλ+ϕ) 0
 ,
– In the (τ˜L, τ˜R) basis, the neutral Higgs couplings to the staus:
Γφ
0
d
τ˜∗τ˜ =
 −|hτ |2vcβ + 14 (g2 − g′2) vcβ − 1√2h∗τA∗τ
− 1√
2
hτAτ −|hτ |2vcβ + 12g′2vcβ
 ,
Γφ
0
uτ˜
∗τ˜ =
 −14 (g2 − g′2) vsβ 12h∗τ |λ|vS ei(φλ+θ+ϕ)
1
2
hτ |λ|vS e−i(φλ+θ+ϕ) −12g′2vsβ
 ,
Γφ
0
S
τ˜∗τ˜ =
 0 12 h∗τ |λ| v sβ ei(φλ+θ+ϕ)
1
2
hτ |λ| v sβ e−i(φλ+θ+ϕ) 0
 ,
Γa τ˜
∗τ˜ =
1√
2
 0 i h∗τ
(
sβA
∗
τ + cβ
|λ| vS√
2
ei(φλ+θ+ϕ)
)
−i hτ
(
sβAτ + cβ
|λ| vS√
2
e−i(φλ+θ+ϕ)
)
0
 ,
ΓaS τ˜
∗τ˜ =
 0 i 12 h∗τ |λ| v sβ ei(φλ+θ+ϕ)
−i 1
2
hτ |λ| v sβ e−i(φλ+θ+ϕ) 0
 ,
– The neutral Higgs couplings to the sneutrinos
Γφ1ν˜
∗
τ ν˜τ = −1
4
(
g2 + g′2
)
vcβ, Γ
φ2ν˜
∗
τ ν˜τ =
1
4
(
g2 + g′2
)
vsβ ,
and the other couplings are vanishing.
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• The charged Higgs couplings to sfermions:
ΓH
+u˜∗d˜ =
 1√2 (|hu|2 + |hd|2 − g2) vsβcβ h∗d
(
sβA
∗
d + cβ
|λ| vS√
2
ei(φλ+θ+ϕ)
)
hu
(
cβAu e
iθ + sβ
|λ| vS√
2
e−i(φλ+ϕ)
)
1√
2
huh
∗
d v

ΓH
+ν˜∗τ τ˜L =
1√
2
(|hτ |2 − g2) vsβ cβ , ΓH+ν˜∗τ τ˜R = h∗τ
(
sβA
∗
τ + cβ
|λ| vS√
2
ei(φλ+θ+ϕ)
)
.
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Figure 8: The EDMs and CEDMs of the electron and the light quarks together with their
constituent contributions taking |λ| = 0.81, |κ| = 0.08, |Aλ| = 575 GeV, and |Aκ| = 110
GeV. The other parameters are fixed as in Eq. (51). Each frame shows |dEe /e| (upper left),
|dEu /e| (upper right), |dEd /e| (middle left), |dEs /e| (middle right), |dCu | (lower left), and |dCd |
(lower right) in units of cm.
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Figure 9: The observable EDMs taking |λ| = 0.81, |κ| = 0.08, |Aλ| = 575 GeV, and
|Aκ| = 110 GeV as functions of MX˜1,2 ≡MQ˜1,2 =MU˜1,2 = MD˜1,2 =ML˜1,2 =ME˜1,2 . We have
fixed φ′κ = 90
◦ and the other parameters are taken as in Eq. (51). The lines are the same
as those in Fig. 5.
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